Fast internet access is widely considered to be a productivity-enhancing factor. Internet access speeds vary regionally within countries and even within cities.
Introduction
Fast internet access is considered to be a productivity-enhancing factor (OECD, 2003a) . As new technologies are introduced (e.g. copper-wire-based ADSL 1 Despite well-articulated pleas for upgraded internet access, reference to rigorous research that quantifies benefits actually accruing from network upgrades is generally absent in supporting materials. A key reason for this conspicuous absence is that little rigorous research exists that measures the productivity impacts of a shift from one type of internet access to another. Most research in the field has been conducted at an aggregated (regional or national) level or has bundled together various types of information and communications technology (ICT) rather than separating out the internet access component. Neither type of aggregation enables reliable conclusions to be drawn about the extent of productivity improvements that might arise if, say, an ADSL network is upgraded to a fibre network.
in place of dial-up, fibre optic cable in place of ADSL), calls are made to upgrade telecommunications networks that service firms and households lest the local community is left on the wrong side of the 'digital divide'. Many of these calls originate from think tanks or lobby groups (for example, New Zealand Institute, 2007).
Our study uses a large New Zealand micro-survey of firms to determine the impact that differing types of internet access have on firm productivity. Our data allow us to control for a wide range of factors (including the firm's own lagged productivity) that may determine a firm's access choice. The work utilises data from the 2006 Business Operations Survey (BOS), an official economy-wide sample survey of firms that includes a wide range of questions on firms' business practices, including questions relating to their access to, and use of, the internet. The BOS data is linked to a wealth of data from a variety of sources in the form of the prototype Longitudinal Business Database (LBD) (Fabling et al, 2008) . We link the BOS data to data for each firm's productivity, derived from administrative tax and employment data. In addition, we are able to control for other firm characteristics recorded within the LBD.
We use propensity score matching (PSM) to control for factors that determine firms' internet access choices, and examine the impacts of various types of internet access 'treatment'. Specifically, we examine the productivity impact that arises (ceteris paribus) when a firm: (a) adopts broadband (of any type) relative to no broadband; (b) adopts 'fast' broadband (defined here as a cable connection) relative to 'slow' broadband (all other broadband types); and (c) adopts slow broadband relative to no broadband. We determine that the productivity benefits that arise from a switch from no broadband to broadband access are material; we do not find evidence for productivity differentiation based on the type of broadband connection (i.e. cable versus other).
Section 2 of the paper outlines prior studies that have linked internet access and related factors to productivity (or other economic outcomes). The review is brief simply because few studies have examined the issues in depth. We set the scene for subsequent analysis by reviewing the New Zealand ICT environment in relation to internet access, then formulate hypotheses from the review material that we subject to test in the paper.
Section 3 describes our data sources and presents descriptive statistics on firms' internet access. First, we report proportions of firms with particular characteristics (e.g. employment size) that have broadband access. Second, we report proportions of firms that use the internet for particular commercial purposes (e.g. making internet sales) according to whether they have broadband or not. Third, we report overall broadband and fast broadband access rates by region within the country, demonstrating considerable geographic diversity in broadband access. This diversity -reflecting different geographic availability of services -can be considered as a type of random assignment of firms across internet types within the economy.
We use this diversity in our subsequent estimates. Fourth, we reverse the first and second comparisons; for each internet access type, we report characteristics and internet uses of firms. The descriptive statistics provide considerable information regarding firms' uses of the internet, information that has been largely lacking in prior studies.
Our PSM model results are presented in section 4. Probit and ordered probit models are used to predict firms' internet access choices; the results of these models are instructive in understanding why certain types of firms choose various internet access types. We match firms and calculate the treatment effects attributable to internet access type. Treatment effects are calculated using two differing matching technologies, across differing samples, and comparing differing access choices to test robustness of results. We pay particular attention to whether treatment effects differ according to urban or rural firm location given debates about whether to prioritise fibre upgrades to rural or urban regions (Forman et al, 2009 ).
Conclusions are presented in section 5 together with an outline of potential future work. We note that a follow-up survey, with a longitudinal element to the ICT questions, will be accessible in a forthcoming Statistics New Zealand survey, and suggest ways that the current analysis can be extended.
Prior Literature and Hypotheses

Prior research
Very little, if any, prior research specifically addresses the impacts of broadband and, in particular, fast broadband on firms. Some research has been conducted estimating aggregate economic impacts arising from Information and
Communications Technology (ICT) in general (OECD, 2003a; Clayton, 2005; Hagen and Zeed, 2005) and broadband in particular (Greenstein and McDevitt, 2009 ).
Other studies have conducted analysis of broadband deployment at the regional and/or industry level. For instance, Crandall et al (2007) estimate the benefits of U.S.
broadband penetration on output and employment by sector at the state level over a three-year period. The study estimates that for every one percentage point increase in broadband penetration within a state, employment increases by 0.2-0.3 percent per year for the U.S. private, non-farm economy. The report identifies a positive relationship between employment and broadband penetration in the manufacturing and service industries (particularly finance, education, and health care). Based on these findings, the authors recommend that policies should stimulate broadband industry competition and encourage investment in broadband infrastructure.
A prior study (Lehr et al, 2006) analyzes broadband penetration at the industry, community (zipcode), and state level -but not at the firm level. The study includes employment growth, wages, rent, business growth, and industry structure as dependent variables. The results support the hypothesis that broadband penetration enhances economic activity. The most significant effects are seen on job growth (which diminishes as penetration rises) and business growth, particularly for larger businesses and for IT intensive sectors. The study found no significant impact of broadband penetration on wages, although did find an association with higher residential property values in broadband-enabled communities. More recent research (Forman et al, 2009) Australian research is summarized by Collins et al (2007) who cite two studies conducted by the Allen Consulting Group using firm level survey data. The survey, which focused on business perceptions as opposed to firm financial statistics, asked firms whether the internet has increased their knowledge of the market, increased sales, customers, or business revenue, and increased efficiencies in sale and distribution. Across all factors, broadband users were more likely to report higher impacts than their dial-up counterparts. However the differences were not large (67% to 61%, 49% to 40%, and 57% to 46%, respectively) and the results are difficult to interpret since the studies did not control for the two groups' other characteristics.
Finnish work (Marilanta and Rouvinen, 2006) has evaluated the use of "readily accessible technology" (laptops, data processing and storage devices networked with wireless capability) at the firm level. The models use a wide variety of technology-related input (independent) variables. The authors assign levels of technology, called 'ICT bundles' based on three primary areas: 1) processing and storage capabilities, 2) portability, and 3) connectivity. For example, a firm will be considered to be in ICT bundle group 'c' if they have desktop computers and a LAN connection, while another firm would be in ICT bundle 'f' if they have laptops and WLAN connectivity. The authors control for the firms' workforce composition (i.e., education, age, gender). Their results suggest that processing and storage capabilities will increase a worker's productivity by 9%, portability increases productivity by nearly 32%, and wireline and wireless connectivity boosts productivity by 14% and 6%, respectively.
New Zealand Context
According to OECD (2008) One think-tank estimated that national economic benefits of moving from existing broadband to high-speed broadband would be in the range of $2.7 -4.4 billion per year (New Zealand Institute, 2007) . These estimates were based on international sources plus forecast global growth rates for industries and for the New Zealand economy. Examples of input variables included: growth in the digital media sector, 'telepresence' (the cost-benefit of domestic and international telecommuting), increase in speed efficiency, growth in the data storage and manipulation sector, increased internet access, growth in the online education sector, and potential for innovation and business retention in the "weightless" economy. There were no citations to firm-level analyses of productivity benefits arising from a move to fibre.
A follow-up report (New Zealand Institute, 2008) argued that recent fibre developments were well behind its aspirations, and recommended regulatory and investment intervention to hasten fibre provision and uptake. Castalia (2008) , by contrast, questioned the extent of demand by New Zealand subscribers for highspeed broadband, and provided evidence that existing services, coupled with planned broadband roll-outs and improved compression techniques, will cater for most uses that New Zealand subscribers are willing to pay for over the foreseeable future. today's broadband will be regarded as tomorrow's narrowband. While acknowledging that broadband is a moving target, the majority of studies adopt the OECD's (2002) definition that broadband has the capacity to provide transmission speeds of at least 256 Kbps. "High-speed' or 'fast' broadband is generally regarded as internet access facilitated through fibre-optic cable or through other mechanisms that allow much faster speeds; e.g. 10Mbps (Castalia, 2008) .
Hypotheses
We treat internet access as a "productivity shifter" within the firm production function. Specifically, we assume that firm i in industry j has production function:
where Y ij is the firm's value added; L ij (K ij ) is labour (capital) employed by firm i, F j is a linearly homogeneous production function specific to industry j, and A ij is a firmspecific productivity variable. Given the linear homogeneity of F j , the logarithm of average labour productivity is given by:
All firms in industry j face the same F j and the same factor prices so, at the optimum, the last term in (2) can be replaced by an industry-specific constant, ln(C j ), thus:
where ln(P ij ) is (log of) firm i's labour productivity relative to the industry average; this is the dependent variable in our empirical applications.
We hypothesise that A ij is potentially a function both of inherent characteristics of the firm (A* ij ) and of the firm's speed of internet access. The type of internet access is split into broadband -which, in turn, may be split into fast broadband (cable) and slow broadband (i.e. all other broadband types) -and no broadband (including both dial-up and no internet access). We hypothesise that, ceteris paribus, firms with fast broadband will be more productive than firms with slow broadband which in turn will be more productive than firms without broadband access.
The ceteris paribus assumption is important since broadband access may be correlated with variables that influence A* ij and some of these variables may also Given prior studies, we hypothesise that a firm's internet access choice is determined by a range of factors (our alternative hypotheses, relative to the null of We examine data relating to each of these variables, together with labour productivity data, in the next section. Productivity data are used as the treatment outcome variable. It is possible that the firm's inherent productivity (A*ij) is one determinant of the firm's internet access choice. We cater for this possibility by also including the firm's five-year lagged productivity as an explanatory variable in the broadband prediction equations. Thus lagged productivity is one of the variables on which we match firms. This mitigates the potential problem that the observed productivity treatment effect may be due to inherently more productive firms adopting faster internet access.
In section 3, we provide descriptive data for uses of the internet by firms with differing internet connectivity. These latter variables are not used, however, when we estimate firms' probability of being treated since patterns of internet usage are likely to be endogenous to the firm's internet choice.
Data
Our Our second data source is Statistics New Zealand's prototype longitudinal business database (LBD) that links firm data derived from Statistics NZ's firm-based surveys and from various administrative sources to Statistics NZ's Longitudinal Business Frame, LBF (Seyb, 2003) . The LBF contains descriptive information on each firm (e.g. sector, age, foreign-ownership status). The administrative data sources include firm tax data sourced from the Inland Revenue Department. The latter data enable us to formulate a measure of each firm's labour productivity defined as firm value added relative to the firm's employee count. We calculate labour productivity using random sampling within strata defined by sector and firm size. Each sampled firm is assigned a weight so that the weighted sample is representative of all firms with at least six employees in the economy. Unless otherwise specified, all descriptive statistics and estimation uses weighted data. Under the Statistics Act 1975, it is a compulsory requirement for respondents to complete the survey; in practice, this resulted in an 81.7% response rate (with 6,051 usable responses). The rigorous sampling from the universe of firms with at least six employees, coupled with the very high response rate, makes this an ideal source of information on firms' internet use and other characteristics.
for a panel of years for each firm and for each four-digit sector.
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The productivity variable used to measure the treatment effect, lnLP2yr, is the average of the firm's 2005 and 2006 (log) labour productivity (relative to the four-digit sector); we use the two year average to reduce noise in the data that may be due to timing effects in reporting value added components across years.
In order to abstract from labour productivity differences attributable to differing sector capital intensities and other sector-specific characteristics, we express each firm's labour productivity as a ratio of the four-digit sector average. The sector average is calculated for all firms within the four-digit sector across the entire population of New Zealand firms. The resulting (log) labour productivity data therefore accord with ln(P ij ) as defined in section 2.
In a very few cases we aggregate to the three-digit sector where numbers of firms for the four-digit sector calculation falls below 30 firms. Table 1 summarises the internet access modes recorded by all firms in the BOS06 sample. Data are presented for the numbers of sampled firms, , dial-up access only, or "don't know". If a firm has broadband access, it is asked the nature of that access from the following list: (i) DSL (including ADSL); (ii) cable; (iii) cellular; (iv) wireless; (v) satellite; (vi) don't know. Of these categories, we define cable as "fast broadband" and all others as "slow broadband".
Within the cable category, fibre optic cable is included with other forms of cable (such as hybrid fibre coax). The match between 'cable' and 'fast' broadband is therefore imperfect, and this is one reason we compare 'broadband versus none' as well as 'fast broadband versus slow broadband versus none' in our empirical work. plus unweighted 8 All count data throughout the paper are randomly rounded to base 3 (a Statistics New Zealand confidentiality requirement); hence totals do not always add exactly. and weighted percentages in each category. Using weighted data, 91% of firms have internet access, 76% have broadband access, while 7% have a cable connection. Table 2 examines the propensity for firms with certain characteristics to have broadband (of any type) and to have fast broadband. In each case, we test whether the propensity for firms with that characteristic to have (fast) broadband is significantly different from the overall propensity to have (fast) broadband. These tests are all conducted without controls, so are simply descriptive. The prediction models in section 4 provide multivariate tests of significance. Small firms (those with 20 or fewer employees) are less likely than other firms to have general broadband (i.e. any kind of broadband) or fast broadband.
Firm age has no significant association with fast broadband, and only mid-aged firms differ from the total in general broadband propensity (with slightly higher penetration). Foreign ownership (in both directions) is associated significantly both with greater general broadband and fast broadband penetration. By contrast, the firm's industrial market structure has no significant relationship with fast broadband adoption, and only one significant relationship with general broadband. 9 We calculate a direct measure of industry knowledge intensity. The question structure and stratified sampling of the BOS enables us to compile a knowledge intensity measure across sectors that is more graduated than a simple distinction between knowledge-intensive and other sectors used in other applications.
BOS06 surveys the firm's total staff level and its composition according to four groupings: (i) managers and professionals; (ii) technicians and associate professionals; (iii) tradespersons and related workers (including apprentices); and (iv) all other occupations. We calculate the ratio of [(i)+(ii)]/total staff for firms within each three-digit industry (denoted KI).
As expected, the nature of a firm's activities has a strong association with connectivity. Firms that conduct research and development (R&D) have much higher general and fast broadband penetration, and the degree of knowledge intensity of the firm's industry has a positive association with connectivity. 1011 9 To assess market structure for each firm we use the firm's response to the question: "How would you describe this business's competition?" (BOS06 question A47). Choices, other than "don't know", and our shortened descriptor (in brackets) are: "captive market / no effective competition" (monopoly); "no more than one or two competitors" (oligopoly); "many competitors, several dominant" (Chamberlinian monopolistic competition [Chamb] ); "many competitors, none dominant" (perfect competition).
Our prior is that connectivity is important for at least the first two categories of employee, so we use KI as our measure of knowledge intensity; each firm's KI is given by the value for its three-digit industry. Table 3 presents KI for each industry. This measure may have applicability for studies beyond the scope of this study. 10 In a few cases, we split three-digit industries into finer distinctions where OECD information indicates a split between knowledge-intensive (KI) and other categories within the three-digit classification. 11 We also produced another measure of knowledge intensity, calculated as the ratio of (i)/total staff for firms within each three-digit industry. The correlation between the two measures is very high as is their ranking of knowledge intensity across industries. 0.0915 * Where an industry has a "KI" suffix, the industry includes a finer gradation than the 3-digit level, corresponding to OECD (2003c) definitions of knowledge-intensive sub-sectors. ** KI = proportion of total staff who are "managers, professionals, technicians or associate professionals".
One of our hypotheses is that the firm's general management capability is related to its likelihood of adopting better ICT systems, including faster internet access. We use the rich question structure of BOS06 to formulate a proxy for each firm's general management capability. Module C contains ten questions on employment practices, each of which can be considered a component of a suite of 'high performance work systems' (Fabling and Grimes, forthcoming) . Table 4 sets out the ten questions. We calculate the ten principal components for these questions and associated eigenvalues. The first eigenvalue (4.53) is more than four times the size of the second eigenvalue (1.09), summarising almost one half of the information in the responses to the ten questions. Given its dominance, we adopt the first principal component (MGMT) as our measure of each firm's general management capability. -employee feedback programmes (e.g. satisfaction surveys); -flexible job design (e.g. job rotation); -information sharing (e.g. joint management/staff meetings, information on performance or changes); -problem-solving teams (e.g. teams limited to specific areas such as quality or work flow); -employees engaged in regular decision making; -employee participation in health and safety; -performance reviews; -childcare (allowances or facilities); -being able to buy extra annual leave or take leave without pay; -using personal sick leave, unpaid leave or compassionate care leave to care for other people who are sick. hence any significant impact of MGMT on broadband choice is unlikely to be driven by reverse causality.
BOS06 questions firms on the quality of a range of infrastructure in their local area. One question specifically asks the firm to rate whether "information and communications technology (e.g. broadband availability, mobile phone coverage)" is "bad", "neither bad nor good" (which we denote "mid"), "good" or "don't know". Table 2 shows that the "bad/mid/good" responses to this question are related strongly to firms' adoption of both general and fast broadband with the expected relationships. One strength of the BOS design is that many questions give the option of a "don't know" response. Firms that indicate they don't know about the quality of ICT infrastructure in their area are far less likely to adopt general broadband even than those faced with bad ICT conditions. This response is indicative of a lack of ICT capability within the firm.
One reason that a firm may not have broadband, and especially fast broadband, is that the service may not be available in the firm's locality. A complication that arises in interpreting answers with respect to broadband adoption, and similarly for responses to the quality of local ICT infrastructure, occurs with multi-plant firms. In these cases, the nature of internet access could differ across plant locations for the same firm. In these situations, the BOS06 ICT infrastructure quality question directs the firm to respond in relation to the location where the largest share of the business's activities occur.
In our econometric work, we address the issue of multi-plant firms in two ways. For the full sample results, we adhere to the BOS06 guideline, and consider that the firm has answered relevant questions with respect to its largest operation.
This approach may introduce noise in cases where internet access differs across plants. Our alternative approach reduces the sample size and considers just single plant firms. This results in a cut in the sample size for the probit equations determining broadband adoption from 5,598 (full sample) to 4,110 (single plant firms). The association of location with internet access type can be seen from Table 2 indicates a strong association between firms that use the internet for business purposes and the prevalence of general and fast broadband adoption.
For example, 92% of firms that make internet sales have a broadband connection whereas only 71% of firms that make no internet sales have broadband. Over 90% of firms that have a webpage, purchase goods and services over the internet, and have recently entered a new export market have broadband. One surprising statistic is the only moderate adoption of general broadband by firms involved in tourism, possibly reflecting many tourist operators being located in rural areas that have relatively low broadband availability.
The differences in broadband adoption according to firm characteristics (Table 2) has the corollary that firms with differing internet access types, on average, have different characteristics from firms with other access types. Table 7 summarises characteristics of firms from the full sample according to internet access type in relation to key variables used in our predictive models of section 4. The variables correspond closely to the variables in the top portion of Table 2 . One exception is market competition where the variables "monopoly", "oligopoly" and "Chamberlinian monopolistic competition" are reduced to a single variable, "imperfect competition", based on tests in which we could not reject the hypothesis of identical coefficients for the three competition variables. We also omit the "mid"
category for ICT quality since this is the omitted category for that question in the prediction equations.
For each variable, the table presents the p-value for two F-tests: (a) a test of the difference between means for firms with fast broadband versus slow broadband; and (b) a test of the difference between means for firms with slow broadband versus firms with no broadband. We find a clear gradation between firms with fast, slow and no broadband respectively for firm size (firms with broadband tend to be larger), quality of local ICT infrastructure, having foreign ownership and/or a foreign subsidiary, having an R&D operation, sector knowledge intensity and general management quality. In addition, there is a clear distinction between having broadband (fast or slow) versus none for firms that don't know about the quality of local ICT infrastructure and for firms in imperfectly relative to perfectly competitive markets. Firm age appears unrelated to broadband adoption. Table 8, which summarises characteristics for firms in the single plant sample, shows very similar patterns. Also included in Tables 7 and 8 are data for the mean log labour productivity measure (lnLP2yr). Both tables indicate a significant "raw" productivity differential of approximately 13% for firms that have slow broadband relative to those that have none. There is a 4-5% productivity differential, on average, between firms with fast and slow broadband, but this difference is not significantly different from zero in either sample. In each case, these are raw productivity differences, i.e.
prior to incorporation of any controls. We control for firm characteristics that may influence internet access type in the next section.
Matching Models and Treatment Effects
Methodology
We control for confounding influences on productivity by estimating probit and ordered probit models to predict each firm's connectivity type. In our basic approach, firms are separated into broadband (treatment) and no broadband (control) groups and their propensity to have broadband is estimated using a probit model. In this approach, firms with all types of broadband connection are included in the treatment group. We are most confident about the connectivity data for single plant firms, for reasons already discussed. We therefore estimate the ordered probit models solely for the single plant sample. Furthermore, since cable is rarely available in low density areas, we do not estimate the ordered probit equation for the rural sub-set of firms.
The probit models (broadband versus none) are presented for both the full sample and the single plant sample (all areas, and urban and rural sub-samples). We use each of the eight prediction equations to calculate propensity scores where the propensity score is the conditional probability of a firm within the relevant sample receiving the relevant treatment, given the covariates included in the prediction model (Rosenbaum and Rubin, 1983) . The scores are used to match treated firms with suitable controls (using two different matching methods) thereby enabling us to determine the average treatment effect for the treated firms (ATT).
Extensive discussions of PSM models are provided in Caliendo and
Kopeinig (2008), Dehejia and Wahba (2002) , and Becker and Ichino (2002). 14 A key element required to implement the PSM approach is that firms with similar propensity scores must look the same statistically whether or not they have been treated. In order to test this 'balancing hypothesis', we split each sample into five or more strata according to their propensity score.
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For our basic model (broadband versus none), the number of treated firms is over four times the number of control firms. We take account of this
Within each stratum, we perform a t-test of the means of the covariates for treated and control firms. If all differences are insignificant, the balancing hypothesis is met. This property holds for each variable across all equations at the 0.1% significance level. For the four equations with the most homogeneous samples (single plant, high and low density; probit and ordered probit), the balancing hypothesis holds at (a minimum of) the 1% level, as is also the case for the full plant high density sample.
Papakura District, Kawerau District, Porirua City, Lower Hutt City, Palmerston North City, Dunedin City. The variable HIDEN=1 for firms in these TLAs and 0 otherwise. 14 Becker and Ichino (2002) outline the Stata programmes that form the basis of our application. 15 The number of strata is determined by the requirement that we cannot reject the average propensity scores for treated and control firms being equal within each stratum; we begin with five strata in each case, and reduce the stratum width (i.e. increase the number of strata) until this requirement is met.
characteristic by choosing matching methods that use multiple control firms for each treated firm rather than using nearest neighbour matching. The latter would have to assign each control firm to at least three or four different treated firms which could create considerable noise in cases where a few control firms had large idiosyncratic productivity determinants. Instead, we choose strata matching and kernel matching approaches. Kernel matching utilises the full set of controls, with weights assigned according to the 'closeness' of control firms to the treated firm. Weights are inversely proportional to the distance between the propensity scores of the treated and control firms. 16 Compared with nearest neighbour matching, We begin by estimating the probit (and ordered probit) models for whether firms have broadband or not (respectively have fast, slow, no broadband).
The probit models are estimated both for the full sample and single plant sample; the ordered probit models are estimated only for single plant firms.
SIZE (number of employees) is entered as a quadratic to account for potential non-linear effects. One complication is that SIZE may be endogenous with respect to broadband adoption, since if broadband affects firm performance, firm size may change as a result. In order to account for this possibility, we enter SIZE as the employment level of the firm lagged five-years (which is enabled by the 16 We use the default kernel and bandwidth from Becker and Ichino (2002) . Both our kernel and strata matching methods are restricted to areas of common support. 17 Nearest neighbour matching is a special case of kernel matching where a weight of one is placed on the control firm that is closest to the treated firm, with zero weights on all other firms. 18 We also estimated the equations dropping all firms that had zero employment in 2001; results are robust to this change and so are not reported separately. 11 30 11 6 7 7; 10 6; 5 a Constant included in all equations, but not reported. Robust z-statistics in parentheses; ***significant at 1%, **significant at 5%, *significant at 10%. b All equations balance at the 1% level (or higher) other than columns 1, 3 and 4 (balance at 0.1%). Table 9 presents the results for each of the eight probit and ordered probit prediction equations. Several consistent findings emerge. Larger firms have greater uptake of faster internet modes, although the marginal effect in almost all cases diminishes with size. Strong results are obtained for the importance of the quality of management (positive, always significant at 1%), knowledge intensity of the sector (positive, always significant at 1%), foreign ownership (positive, significant at 5% in all but one case), and, for the all-density samples, the urban/rural dummy variable (positive, always significant at 5%). Other generally consistent results across equations include impacts of firm age (negative), firm R&D (positive), competitive market structure (perfectly competitive firms have less uptake of broadband), lack of ICT knowledge within the firm (negative), good and bad local ICT infrastructure (positive and negative respectively), and having an overseas subsidiary (positive).
Lagged firm productivity is negative in each equation, but is never significant. This is important for our study since it indicates that any estimated positive treatment effects cannot be attributed to reverse causality, i.e. to inherently high productivity firms adopting (fast) broadband. (If the consistent negative coefficient were taken to indicate a true negative relationship between a firm's productivity and broadband adoption, the implication could be that formerly less productive firms subsequently adopt faster internet access in an effort to raise their productivity.)
The significance of HIDEN in the all-density equations indicates that there is at least a level shift in propensity to adopt broadband between urban and rural areas. A comparison of the high-density versus low-density equations suggests that some variables are more important in urban and rural areas respectively. For instance, bad local ICT infrastructure has a greater negative effect on broadband uptake in rural than urban areas, likely reflecting greater diversity of infrastructure standards in low-density authorities than in high-density (larger urban) areas. Lack of ICT knowledge also has much greater effect in rural than urban areas, consistent with greater knowledge spillovers between firms in urban areas. The conduct of R&D within the firm is significant in high-density areas, but not in low-density areas reflecting a general lack of R&D facilities outside major cities. Market structure is more important in rural than urban areas, possibly reflecting differing degrees of firm competition between the two types of area. These urban/rural differences make it important to interpret the ATT results for the separate area types as well as for the all-density samples. Table 10 presents estimated average treatment effects (ATTs) for firm productivity based on the prediction equations in Table 9 . We concentrate initially on the estimates of the treatment effects of moving from no broadband to broadband (of any type). All twelve estimates 19 are positive and significant (at the 5% level or less) with the ATT point estimates ranging from 0.073 (7.6% productivity improvement) to 0.122 (13.0% productivity improvement). The low-density samples indicate slightly higher productivity gains than do the high-density samples, but there is not a statistically significant difference between them. 20 19 I.e. six separate samples -all/single plants by all/high/low density -each with two matching techniques. 20 To test robustness, we have calculated the ATTs excluding the top and bottom 1% of firms by productivity in case these data are spurious. The magnitude of results is similar for the all density and high-density samples, but the low-density ATT is now slightly lower than the high-density ATT, albeit again not statistically significantly different. Even if there were a difference in urban versus rural effects, this study is not a cost-benefit analysis since costs of infrastructure provision in different areas are not included here. For the single plant (all-density and high-density) samples, the effects of shifting from no broadband to slow broadband are estimated to be of similar magnitudes (and similar significance) to the impact of moving to broadband in general. This is to be expected given that the majority of broadband connections in the sample are included in our definition of slow broadband. The average of the two all-density estimates indicates a productivity gain of 11.1% arising from adoption of slow broadband relative to no broadband. This compares with a raw productivity difference (before adding any controls) of 13.6% between single plants with slow broadband relative to none (from Table 8 ). Thus approximately a fifth of the differing productivity measures between the two sub-sets of firms is accountable by observable factors (including lagged firm productivity), with four-fifths attributable to the differing broadband status.
A quite different result emerges for the shift from slow to fast broadband.
Our ATT estimates indicate no significant impacts arising from such a shift. In other words, our estimates imply no average firm productivity improvement as a result of a shift from say an ADSL connection to a cable connection. (We discuss why this may be the case in the Conclusions.) For this comparison, our controls play a major role in explaining productivity differences between the two sub-samples of firm. Table 8 indicates a raw average productivity difference between firms with fast relative to slow broadband of 4.9%. The approximately zero estimated ATT (after controlling for firm characteristics) suggests that this difference is attributable to inherently more productive firms adopting cable rather than a productivity-enhancing effect arising from cable adoption.
Conclusions
Much has been written in the popular press of the benefits of the internet revolution, and of the even greater benefits that could be brought about by linking firms (and households) to the internet through fibre optic cable. Yet, despite huge investment budgets associated with broadband (especially fibre) roll-outs, there has been little rigorous supporting evidence indicating that such connectivity brings material productivity benefits. Our study is the first, internationally, to estimate the productivity impacts of connectivity upgrades using firm level data after controlling for firms' connectivity choices based on their characteristics. The study utilises a Other strong predictors of connectivity choice are: firm size (larger firms choose faster connectivity), the firm's general management capability, being foreign owned, knowledge intensity within the firm's sector and (in urban areas only) R&D activity by the firm (all positively associated with connectivity). Sector market structure, firm age, ownership of a foreign subsidiary and firm-specific ICT knowledge also appear relevant.
Broadband-enabled firms are more likely to use the internet in their commercial transactions. In particular, they are more likely to have a webpage, to purchase goods and services over the internet, to enter new export markets and to make sales over the internet than firms without broadband. Perhaps curiously, tourism firms are no more likely to have broadband than other firms, possibly reflecting the geographic isolation of many firms in this industry.
In formulating variables to model connectivity choice, we derive two variables that may be of use in other studies. Our firm management capability variable (MGMT) is derived as the first principal component from ten questions relating to the firm's practices with regard to human resource matters. Despite its lack of direct ICT content, this variable proves to be a strong predictor of a firm's connectivity choices in keeping with our hypothesis that firms with high management capabilities will also tend to have high capability in other areas including ICT.
Our knowledge intensity variable (KI) is also a strong predictor of firms' connectivity choices. This variable is derived at the 3-digit (or finer) industry level from answers from all firms in the BOS06 survey. The industry stratification of the survey enables us to be confident that these figures are broadly representative for each 3-digit sector. We take the ratio of "managers, professionals, technicians and associate professionals" to total staff for firms across each sector and use this ratio to proxy the knowledge intensity of the sector. The resulting cardinal variable orders sectors in an intuitively appealing sequence that accords with other studies (e.g. OECD, 2007) . A key benefit of our measure is that firms are not assigned to be in either a "knowledge-intensive" or "other" industry based on an arbitrary cut-off between the two groups; rather each sector has a value of between zero and one for its degree of knowledge intensity. It is likely that this variable could be used in other studies both in New Zealand and in similar economies internationally.
After estimating our prediction models for connectivity choices, we match each "treated" firm with a set of like "control" firms (both in terms of their estimated propensity to have broadband and on their observable characteristics).
Two types of matching (kernel and stratified) are adopted to check robustness of results. We then estimate the average treatment effect for treated firms (ATT) across a range of samples. We focus on ATTs relating to shifts from: (i) broadband versus no broadband, (ii) slow versus no broadband, and (iii) fast versus slow broadband.
We find a (levels) productivity effect of broadband relative to no broadband of approximately 10% across all firms. The estimates indicate a marginally stronger impact on firm productivity for firms in rural (low population density) relative to urban (high density) areas but the differences are not significantly different. Our estimates show that all of these productivity gains can be attributed to adoption of slow relative to no broadband, with no discernable additional effect arising from a shift from slow to fast broadband.
The finding that a move to fast broadband (cable) from any other form of broadband has no estimated effect should be interpreted with care. At least four explanations (other than an actual nil effect) could account for this result. First, our split between fast and slow broadband based on the distinction between cable and other broadband types may be a poor representation of differing internet speeds. In particular, 'cable' in New Zealand may include technologies with anything from average download speeds of 8Mbps to speeds of up to 1Gbps; by contrast, the average ADSL download speed is 5Mbps (Castalia, 2008) . A distinction within the cable category, rather than between cable and other, may be more meaningful (but is unavailable within our dataset). Second, not all survey respondents may be aware of the technical nature of their firm's broadband connectivity type, introducing noise into the data. Third, the cable/other distinction may be meaningful but firms may have only recently adopted cable and are yet to achieve the full productivity benefits from doing so. Fourth, the productivity benefits of moving to fast broadband may currently only be relevant to a small proportion of firms, and so the full future benefits may not be apparent in the existing data. If this were the case, our average firm effect would not be appropriate as an estimate of future benefits of fibre upgrades across the full economy.
Future work could expand on our rural/urban distinction to test whether the benefits of a shift to (fast) broadband are greater for certain types of firm than others. This may include an examination of whether firms with greater propensity to adopt broadband (i.e. firms with a higher propensity score) also, on average, gain more from doing so. Alternatively, firms in certain sectors may gain more or less from broadband adoption reflecting factors that are separate from those captured by our knowledge intensity and other explanatory variables.
21
21 Preliminary work found no evidence that the average treatment effect varies according to the likelihood of treatment (i.e. as the propensity score rises). However, we leave it to future work to test whether the ATT varies across other definitions of firm type (e.g. sector, R&D intensity, etc).
Current and future
upgrades from ADSL to fibre across areas should produce a growing longitudinal sample of firms that gain faster internet access by virtue of an event exogenous to the firm (i.e. a spatially-specific upgrade to fibre). Until the data for such longitudinal analysis become available, we conclude that firms with faster connectivity make greater use of the internet in their commercial transactions. Furthermore, on the basis of our propensity score matching, we conclude that a shift to broadband connectivity (from dial-up) appears to raise firm productivity.
